ABSTRACT
INTRODUCTION
Although, headgear has been modified over the years, its basic structure remains unchanged. One of the modifications has been in replacing the extraoral elastics which undergo rapid force degradation over time with spring-based modules, thus reducing patient inconvenience of changing the elastics at relatively short intervals. The active element of the headgear assembly is a coil spring housed in a plastic/ metal casing ( Fig. 1 ) which since its introduction in 1931 1, 2 is mostly fabricated from stainless steel (SS). Due to rapid decay of force, the modules require reactivation over time to maintain the delivered forces at physiologically effective levels for tooth movement or for orthopedic purpose. The introduction of nickel-titanium (NiTi) alloys for coil spring fabrication 3 has made possible the delivery of constant and physiologically optimum levels of force over comparatively long ranges without the need for reactivations. Studies, in the past, have compared the force degradation of various coil spring materials 2,4-6 used intraorally for tooth movement but a quantitative characterization of the orthopedic force modules both as a function of time and magnitude of applied force has not been reported. Recently, NiTi coil spring-based orthopedic force modules have been introduced into the orthodontic inventory. Information is however lacking in the following areas: 1. What is the level of force degradation in modules based on SS coil springs? 2. What is the accepted regimen for the activation of these modules and consequently for patient recall?
The present study was thus aimed as follows: • To study the level of force degradation in SS and NiTi spring-based orthopedic force modules with time, in vitro.
• To test the hypothesis and the manufacturer's claim that force exerted by NiTi spring-based modules is more constant over time when compared to SS spring-based modules.
• To establish a patient-recall protocol for dentofacial orthopedic patients based on findings anticipated from this study.
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MATERIALS AND METHODS
Sample size
Safety release headgear force modules incorporating NiTi and SS were tested. Forty test samples of SS spring-based modules were taken from two companies. Twenty test samples of NiTi spring-based modules namely NiForce™ were taken from only one company, i.e. Ortho Kinetics Corporation ® , CA, USA, (Fig. 2) , they being their sole manufacturers ( Table 1 ). The total sample of 60 modules was divided into two equal groups (Table 2) .
Testing Machine
Spring testing machine STM-10™, (Kalpak Instruments and Controls, Pune, India) was used to test the samples ( Figs 3A and B ). 1. The testing range could be varied from 10 kg to 1 gm according to the load cell and had a load resolution of 1 part in 1000. For the present study, a load cell of 1 kg capacity was used.
Initial Reading
A pilot check of accuracy, sensitivity and reproducibility of the machine was carried out by measuring a known weight thrice. To know the amount of extension required for producing the desired force as per the group, initial reading was taken for all the modules. The length of the as-received module was determined with a digital vernier caliper. After the initial reading, the modules were mounted on a specially designed rack. Four specially designed wooden racks were prepared, each to mount 15 modules, based on the design used by Angolkar et al 4 (Fig. 4) .
Subsequent Reading
To simulate the conditions of headgear wear by the patient where it is removed many times in a day for meals, and social commitments, the modules were returned to their respective free lengths after stretching completely four times each. The modules were extended for a total period of 16 hours per day, being in consensus with the duration of headgear wear recommended by Proffit. 7 The amount of force degradation was measured at four intervals, i.e. after 1 week; 1, 2 and 3 months of initial activation by extending the force modules till the previous length that delivered the initial force of 300/400 gm as per the group. Also, the new length to produce the initial force as per the group was determined by stretching the force modules after keeping the load on the machine constant.
STATISTICAL ANALYSIS
The mean rates of force degradation and extensions (both total and net) of force modules with time were calculated. These values, for all the sets within the group as also for similar materials across the groups, were statistically compared with the help of a paired and unpaired t-test. The trend of force degradation with time for both the groups was statistically analyzed with the repeated measurement ANOVA. The change in length with time for all sets in both the groups was statistically analyzed. These comparisons gave the necessary data for drawing the conclusions.
RESULTS
In total, 60 safety release force modules, 20 NiTi and 40 SS spring-based were evaluated at five time intervals, i.e. day 1 (initial), 1 week, 1, 2 and 3 months. Tables 3 and 4 show the mean net and percentage force degradation in Groups A and B respectively. Tables 5 and 6 depict the mean total extended length and the actual extension of the force modules in Group A and B respectively. Table 7 depicts an unpaired t-test comparison showing significantly lower (p = 0.0001) force degradation in NiTi-1 set than either SS-1 or SS-2 sets at all time intervals. A significant difference among the force degradation between SS-1 and SS-2 sets (p = 0.0001) was also found at all intervals. Table 8 depicts an unpaired t-test comparison showing significantly lower force degradation (p = 0.0001) in NiTi-2 set than either SS-3 or SS-4 sets at all time intervals. Table 9 depicts an unpaired t-test comparison between the mean rates of force degradation between same alloy coil springs of Groups A and B.
Figures 6 and 7 are a graphical representation of the mean force degradation over time in all sets in Groups A and B respectively. Repeated measurement ANOVA shows that the SS modules in both the groups follows the same linear trend of force degradation (gradual decrease with time). NiTi-1 set follows a different trend, i.e. more loss seen after 1 month. Although, NiTi-2 set follows the same trend it shows lesser force degradation compared to SS-3 and SS-4 sets at all time intervals.
DISCUSSION
The force produced by SS and Co-Cr-Ni-based springs is high in magnitude and decays rapidly. The rationale for keeping initial force levels at 300 gm and 400 gm in this study was as follows: 1. To simulate the force levels used for the restriction/ redirection of the maxillary growth with the help of headgear appliance, i.e. in the range of 250 to 500 gm per side. Force in the range of 250 to 500 gm per side is also used to distalize the maxillary molars, 7,11-16 study the effect of an increase in the magnitude of initial activation force on the rate of force degradation. 2. To remain within the range of force levels recommended by the manufacturer. In the present study reading after 1 week was taken to check for early decay in the force magnitude which has been reported to be maximum by Angolkar et al 4 and Han and Quick. 17 The reason for taking the subsequent readings at monthly intervals was to simulate the most commonly used appointment schedule for orthodontic patients.
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There is no study in orthodontic literature which evaluates the force degradation in the spring-based headgear force modules at periodic intervals.
Various parameters affect the force produced and its degradation in the coil springs. Many studies have evaluated the effect of parameters, such as type of the alloy, wire size, lumen size, pitch angle of the coils and length of the springs, on the load-deflection rate and stiffness of the coil springs. 1, 2, 18, 19 While comparing the amount of force degradation in springs based on two different alloys, the remaining parameters mentioned above were kept constant in all the studies. 4, 8, 17 However, in the present study, these parameters were not similar, the differences being: In the present study, the force modules were extended at each time interval to provide a constant force of either 300 or 400 gm. Force degradation after such manipulation has not been evaluated. Keeping in mind the above differences, the results of the studies in the past cannot be directly extrapolated to the 1 month than in the subsequent test intervals. In SS-1 set, the mean residual force at the end of 1 week was 247 gm (Table 3) . This amounted to a mean degradation of 17.7% from the initial force value of 300 gm which was statistically significant (p = 0.0001) and below the force levels desired in the present study and those recommended by various authors resulting in a clinically significant degradation. The pattern of force degradation in the present study, i.e. more loss during 1st week is similar to that mentioned by Angolkar et al. Although, the headgear adjustments for maintaining the initial force magnitude have been done in some of the clinical trials at recall visits [14] [15] [16] none have discussed the amount or pattern of force degradation. In SS-2 set, the pattern of force degradation followed the same trend as seen in SS-1 set (Fig. 6) . The mean residual force at the end of 1 week was 255 gm, which meant a degradation of 15% being both statistically (p = 0.0001) and clinically significant. The difference in the amount of force degradation between SS-1 and SS-2 was also statistically present study. However, certain basic mechanical properties of the alloys have been compared wherever possible.
All the three sets of samples in Group A showed a greater degradation of force during the initial period, i.e. 1 week and significant (p = 0.0001) and can be attributed to the variation in the wire diameter which is less in SS-2 by 0.05 mm, greater lumen size and length of the SS-2 spring which is 0.55 and 3 mm more respectively. According to Chaconas et al, more constant force production is seen in springs with larger lumen sizes and smaller wire diameters as this reduces the stiffness of the springs. 18 The SS-2 set required greater net extension of the strap than the SS-1 set. This could be attributed to the smaller pitch and wire diameter and larger lumen and length of the SS-2 springs when compared to the SS-1 springs. Boshart et al have shown that a shorter spring is stiffer than a longer spring of the same type by an amount directly proportional to the ratio of the length of the longer spring to that of the short spring. 2 Thus, the shorter spring (SS-1), expectedly gave a lower value of linear compression for the same magnitude of force.
As far as change in the net extensions of SS-1 and SS-2 springs (Table 5) is concerned the change is significant for SS-2 after 1 week, i.e. 4 mm (approx.), thus requiring the strap to be stretched up to the mark/hole made 1.5 to 2 mm above the one being presently used. A new intermediate hole is required as the two holes in the straps are 7 mm apart (Fig. 5) . The same becomes significant for SS-1 after 1st month when a further extension of 2.2 mm is required. This could be managed with manipulation of the outer bow (without affecting the biomechanics) or by having to make another hole in the strap that would lie above the present hole, as the markings in this force module are also 7 mm apart. Similar manipulations need to be carried out at subsequent time intervals to achieve the required activation.
Force degradation at the end of 1 week in the NiTi-1 set of force modules was 6.5% (Table 3) , being less than half the degradation seen in SS-l and SS-2 sets. Although, statistically significant, the force degradation was of lesser clinical significance thus pointing towards a better clinical efficacy. There was a decline in the mean value of force degradation from the 1st month onward. In the comparative study by Angolkar et al, 4 the degradation of force in the NiTi coil spring group was 8.62 (NiTi-1) and 9.77% (NiTi-2) which was close to that seen in the present study. The mean extension of NiTi-1 force modules was less than half that of SS-1 and SS-2, a finding in contrast to that seen in other studies. 4, 8 This may be attributable to the following: 1. Same wire diameter, i.e. 0.5 mm wound on a smaller core having an external diameter of 5.25 mm in comparison to 7.5 mm (SS-1) and 8 mm (SS-2). 2. Precompressed spring as evident from comparison of length of the plastic core (29 mm) to the length of the spring (41 mm), (Fig. 8) . Marked in circle is the buckling of the oversized spring in a short core.
As far as change in the extension of NiTi-1 (Table 5 ) at various intervals is concerned, the increase although statistically significant at all time intervals except after 1 month is very less, i.e. 0.8 mm in total. This amount of change must be brought about by similar manipulations as mentioned for SS-1 and SS-2 as the markings in the strap are apart by 7.5 mm.
Group B followed the same trend for degradation of force over time as seen in Group A (Fig. 7) . Table 9 shows comparison of force degradation between same alloy force modules in Groups A and B which was significantly greater (p = 0.0001) in Group B. This could be attributed to the greater linear compression of the coil spring to produce the desired force in this group.
Although, the amount of force degradation with time was greater in NiTi-2 than NiTi-1 at all time intervals, the force loss was more gradual 1 month onward in NiTi-2. This phenomenon of diminished force degradation with time with increased activation is similar to that seen in the study by Manhartsberger and Seidenbusch.
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As far as change in the net extensions of SS-3, SS-4 and NiTi-2 (Table 6 ) is concerned, manipulations of similar nature are recommended as for Group A.
The present study was conducted in vitro, where the compression of coil springs could be maintained at definite force levels. But, in a clinical situation, the compression is progressively relieved due to movement of the teeth and relaxation of the spring alloy. The behavior of the force modules could be better standardized if studied in vivo whereby the patient's manipulation and tooth movement come into play.
CONCLUSION
The following conclusions were drawn from the study: 1. The rate of force degradation was found to be significantly lower in the NiTi spring-based compared to the SS spring-based force modules. 2. Significantly greater force degradation was observed in 1st week compared to the subsequent time intervals by all the force modules except in the NiTi-1 where the degradation was found to be greater after 1 month interval. 3. Higher initial activation of the force modules resulted in a significantly greater force degradation at all time intervals. 4. The patient recall protocol should be the same as the time intervals in the present study up till 3 months, if a constant force level is desired. Further, recall at monthly intervals is advisable to check for the force degradation. 5. It is recommended to use a particular force module from a company due to variation in the force characteristics of 'similar' force modules from different manufacturers.
